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ABSTRACT

The goal of this thesis is to examine the traffic safety impact of upgrading Toll Plazas
(TP) to Open Road Tolling (ORT). The ORT could enhance safety but could also pose some
traffic safety concerns at Toll plazas. Crashes from eight years were investigated by evaluating
the crash data before and after the implementation of the ORT.
The study was conducted by using two approaches: 1) a simple before and after study
and with a comparison group; 2) a modeling effort to help understand the relationship between
the crash frequency and several important factors and circumstances such as injury severity,
collision types, average daily traffic (ADT) and Toll plaza characteristics.
The study investigated 11 Toll plazas on State Roads 408, 417, 528 and 429 that have
been changed to the ORT design. Several maps showing the Toll plazas and identifying the
relevant crash locations were generated.
Negative Binomial (NB), Log Linear model and two-way contingency table were
examined. Two log-linear models with three variables in each model with all possible two-way
interactions were developed. Categorical data analysis of the 2009 and 2010 crash dataset was
performed. In order to compare the differences in response between the crash frequency and a
particular crash-related variable, odds ratios were computed. The effects of crash frequency and
crash-related factors were examined, and interactions among them were considered. The results
indicated significant relationships between the crash frequency and ADT, crash type and driver
age.
It is worth mentioning that the expressway network understudy was continuously
experiencing constructions throughout the study period. There is indication that ORT reduced the
ii

total crash number; also there is indication of changing the crash types and locations; and the
majority of crashes occurred at the diverging and merging areas and resulted in more severe
crashes. More data may be needed to confirm these results especially after all constructions and
upgrades are made.
The Implementation of open road tolling, the locations of Toll plazas, Automatic Vehicle
Identification (AVI) subscription rate, traffic demand, and plaza geometry all may have a high
influence on traffic safety concerns at Toll plazas, as concluded from the negative Binomial
Model’s results. The changing of sign locations, reducing the speed limit, installing variable
message signs, configuring plazas properly, and other considerations may be the solution to
overcome the potential safety problems in the vicinity of Toll plazas.
The change of design to ORT was proven to be an excellent solution to several traffic
operation problems, including reducing congestion and improving traffic flow and capacity at
Toll plazas. However, addressing safety concerns at Toll plazas should take priority.
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CHAPTER 1. INTRODUCTION
Traffic safety is one of the main public concerns in our daily life. Traffic crashes lead to
injuries, or even death, and they also cause traffic congestion. This makes traffic safety one of
the most continuously researched topics in the field of transportation engineering. About 1.2
million people are killed, and as many as 50 million people are injured, in road crashes annually
worldwide (Nambisan et. al, 2007).
Toll plazas are one of the critical areas on the highway that have the potential for high
rates of traffic crashes. After the implementation of the Open Road Tolling (ORT), the literature
showed that ORT design improved e traffic operation and reduced the delay at Toll plazas, but
the effect of ORT on traffic safety is still not clear.
This research focuses on the safety at these locations, and especially at two specific areas:
first, the diverging area before the Toll plaza; second, the merging area after the Toll plaza. The
Orlando-Orange County Expressway Authority (OOCEA) operates 12 mainline Toll plazas in
Orange and Seminole Counties, Florida: SR408, SR417, SR528 and SR429. At this time, 11 of
them have the ORT system. In 2003 the OOCEA constructed the first ORT at University
Mainline Toll plaza on SR417. The hypothesis is that there are many lane changes before and
after the Toll plaza. Some drivers want to move from the right lane to the ORT lane when they
see the sign of E-Pass, because they have Automatic Vehicle Identification (AVI) transponders
known as E-Pass. Others do not have it, so they want to move from the left lane to the right to
pay coins or cash. Because of these movements, crashes are more likely to happen.
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The ORT safety evaluation study investigates the benefit of the open road tolling and its
effect on traffic safety. There are many ways to conduct the evaluation, but this thesis splits the
study into two types of analysis:
1. First, simply studying the data from before the implementation of ORT, and comparing it
to the data from after the implementation of ORT, and that by performing statistical tests
before & after with comparison group between the crash frequencies, first harmful event
and crash severity.
2. Modeling the crash frequency to help understand the relationship between the crash
frequency and several important crash-related factors and circumstances such as injury
severity, collision type, average daily traffic (ADT), and driver age.
Statistical Analysis System software (SAS) was used in this study, and the first model is
the negative binomial regression, which was estimated using the maximum likelihood method.
The coefficient value and its significance level were estimated for each selected variable.
The study examined Techniques of categorical analysis on one year of data after the
implementation of OTR design obtained (between November 2009 and October 2010). The data
source was Crash Analysis Resources CAR-Florida Department of Transportation (FDOT). This
thesis develops Log-linear models-contingency table with three variables in each model with all
possible two-way interactions. It does so in order to compare the difference in response between
the ADT and particular crash related variables.
The effects of ADT and crash related factors were examined, and interactions among
them were considered. The findings contribute to the understanding of the effect of ADT on
crash involvement.
2

In summary, the following are the most important steps that have been done to evaluate
the safety of ORT:
1. Identify and select Toll plazas that have been changed to the ORT system;
2. Get the crash data from FDOT and prepare it for analysis;
3. Summarize the data for the specific locations before and after the ORT;
4. Present tables and graphs of those locations with more details;
5. Explore whether the ORT affects the traffic safety at those locations using simple
statistical analysis and by using Negative Binomial and Log Linear models;
6. Estimate Negative Binomial and Log linear models;
7. Discuss the results of the models;
The thesis is organized as follows: Chapter 1 provides the introduction and objective,
Chapter 2 provides a review of previous research used in assessing safety at Toll plazas, and it
also looks into literature using the NB and Log Linear models to evaluate traffic safety and the
characteristic of the plazas. Chapter 3 shows the data, crash locations, type of crashes, statistical
hypothesis, and crash distribution. Chapter 4 presents the preliminary analysis. Chapter 5
presents the advanced multivariate analysis (NB and Log Linear). Chapter 6 presents and
discusses the results. Chapter 7 concludes and provides directions for future research.

3

CHAPTER 2. LITERATURE REVIEW
2.1 Toll Plaza Safety Analysis
There are some published studies evaluating safety on the expressway. The current data
has indicated that certain locations at the Toll plazas are more likely to be over-involved in
traffic crashes than other areas on the expressway. However, there are very few studies
evaluating the safety at Toll plazas, and there is no published study focusing on the effect of the
ORT on the traffic safety.
There are very few studies related to Toll plaza safety evaluation in general; for example,
Abdel-Aty and Klodzinski (2000- 2001) investigated the potential safety obstacles occurring
around the Toll plaza area. More specifically, after installing the Automatic Vehicle
Identification (AVI) technology, they investigated crash reports for a three- and-a- half year
period (from January 1994 to June 1997), for safety problems by evaluating the crash data before
and after the installation of (AVI) or E-PASS technology. The location is one of the OrlandoOrange County Expressway Authority’s busiest Toll plazas in Central Florida. Implementing
AVI technology, selecting locations of dedicated AVI subscription rate, traffic demand, plaza
geometry, and the variety of payment methods at Toll plazas may have a high influence on
traffic safety concerns at Toll plazas. Long gradual diverging area, installing variable message
signs, properly configuring plazas, and other considerations may be the solutions to overcoming
the potential safety problems within the Toll plaza area. The use of AVI technology has proven
to be an excellent solution to several traffic operation problems including capacity and delays at
Toll plazas; however, it may cause a different kind of crash’s severity. Abdel-Aty and Kodzinski
found 32.62% of the total crashes on the OOCEA system were located at the ten Toll plazas,
4

while the 46.31% occurred at ramps and 22.07% at mainline sections between plazas and ramps.
The average monthly crash rate at these mainline Toll plazas before introducing the E-Pass
system was 3.375 crashes per month. This rate has jumped to 7.5 crashes per month within a year
of the installation of the E-PASS system. Ten percent of the total OOCA crashes were related to
the E-PASS system. However, this paper did not show the effect of ORT on the traffic safety and
the relation between ADT and the crash frequency, age, severity and crash type.
2.2 Before and after evaluation with a comparison group
Since the before/after design is a weak design we will support the results by conducting
before/after with comparison group to take care of the problems that face the simple before-after
design. This method is a group of control sites which are as similar as possible to the treatment
sites in terms of geometric characteristics and traffic volumes. In this method, we estimated the
number of crashes that could have occurred in the after period at the treatment site, using the
information of the crash data from the comparison groups. Mountain et al. (1992) said that this
method can produce more accurate results compared to a simple before-after method, since the
strength of this method increases as the similarity between the treatment sites and comparison
sites increases.
Hauer (1997) stated that the central reason to using a comparison group is to identify a
group of sites that remain unchanged and are similar to the treatment sites. The change in safety
of the comparison group from before to after be indicative of how the safety at the treated sites
would have changed; this belief is based on two fundamental assumptions:

5

1. The factors that affect safety at the treatment site would have changed the same way at
the comparison group from the before to the after period.
2. The changes in various factors would influence the safety at the treatment site in the same
way as they would have influenced the comparison group.
Under these assumptions, it is believed that the ratio of expected number of crashes in the
after period at the treatment site, had the site been untreated, to the expected number of crashes
in the before period at the treatment site, would be equal to the following ratio of the expected
number of crashes in the after period to the expected number of crashes in the before period on
the comparison group. It can be mathematically written as Equation 2.1.
π = λ*rc

(2.1)

Where π the expected number of crashes in the after period had the treatment been not
applied,
λ = expected number of crashes in the before period at the treatment site.
rc = ratio of the expected number of crashes in the after period to the expected number of
crashes in the before period on the comparison group.
Griffith, (1999) mentioned that there can be two types of comparisons in this method:
1.

Before and after evaluation with Yoked comparisons.

2.

Before and after evaluation with comparison groups.

The first method involves one-to-one comparison between the treatment and the
comparison site. The second method involves a group of comparison sites to compare with the
treated sites. It is preferred to have more sites in the comparison group than the treatment group
(Pendleton, 1991).
6

Another issue with the comparison group method is that it does not account for the
changes in safety resulting from changes in traffic volume at the treatment sites that might result
from the treatment itself (Hauer, 1997). Also, this method suffers from regression to the mean
phenomenon as the simple before and after design (Hauer, 1997).
2.3 Using Negative Binomial Model to Evaluate Traffic Safety
Much research has been done using the negative binomial model for the crash data
analysis. Wang and Nihan (2004) demonstrated this with a four year (1992-1995) data set
collected from 115 signalized intersections in the Tokyo Metropolitan area and they create three
negative binomial regression models, (one corresponding to each (the bicycle-motor vehicle
(BMV))) crash type) was estimated using the maximum likelihood method. The coefficient value
and its significance level were estimated for each selected model. The negative binomial
dispersion parameters for all three models were significant at 0.01 levels. This supports the
appropriateness of the negative binomial regression for (BMV) crash analyses in their study.
Gladhill (2010) in his thesis presented an empirical methodology for analyzing the
relationship between urban form and traffic safety utilizing a uniform grid for the spatial unit.
Crashes in the Portland, Oregon City limits from 2005-2007 were analyzed and modeled using
negative binomial regression to study the effect of urban form and street layout through factors
on exposure, connectivity, transit accessibility, demographic factors, and origins and
destinations.
Kim et al. in 2006 studied crashes on Oahu further using negative binomial regression
analysis to relate crash rates to land use, population and economic activity.
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2.4: Using Log-Linear Model to Evaluate Traffic Safety
Several papers have used log-linear model in traffic crash studies. Lee et al. (2005)
investigated the potential of using a log-linear crash prediction model to quantify safety benefits
of ramp metering. The model estimates crash into potential in real time as a quantitative measure
of freeway safety, based on short-term variation in traffic flow. The model was applied to a
section of I-880 as well as a hypothetical freeway section. The results demonstrated that the
ALINEA ramp metering strategy can reduce the total crash potential by 5-37% compared to the
no-control case.
Lee et al. (2003) did estimate the real-time likelihood of freeway crash occurrence using
a log-linear model based on the crash frequency analysis. To formulate the log-linear model, the
continuous traffic parameters such as the density and coefficient of variation in speed were
categorized resulting in loss of information due to categorization. Abdel-Aty, et al. (1998) used
log-linear models to study the relationship between the driver age and several important crash
related factors and circumstances such as injury severity, collision types, average daily traffic
(ADT), roadway character, speed ratio, alcohol involvement, and crash location. They examined
the effects of age and crash-related factors, and interactions among them were considered; the
results indicated significant relationships between the driver age and ADT, injury severity
manner of collision, speed, alcohol involvement, and roadway character.
Lum (1989) used three severity variables of the crash, size of vehicle, and ejection from
vehicle to determine whether there is a relationship among the three factors. Kim et al. (1995a)
used crash type, seat-belt use, and injury severity variables to find the relationship among these
three factors. Kim et al. (1995) estimated a log-linear model to investigate the role of driver
8

characteristics and behavior in the causal sequence leading to more severe injuries. They found
that driver behavior of alcohol or drug use and lack of seat belt use greatly increase the odds of
more severe crashes and injuries. Driver errors are found to have a small effect, whereas personal
characteristics of age and gender are generally insignificant.

9

CHAPTER 3. TOLL PLAZA SAFETY STUDY
3.1: Data preparation
In this thesis, 11 Mainline Toll plazas were selected. Only Toll plazas that have ORT
were selected. The purpose of this selection was to obtain samples representing normal situations
of Toll plazas and traffic safety in Orlando; some of these plazas are close to the airport and
tourist areas and others are close to downtown; some have a high traffic volume while others do
not, so they have different characteristics. This difference helped us to compare many cases
during this research.
3.1.1 Expressway Data
The database of FDOT RCI has the information and description of the state road system
in the state of Florida. The mainline Toll plaza's characteristics used in the analysis are as
follows:


Toll plaza Name: A special name given to each Toll plaza on the expressway.



Roadway ID: A special 7 or 8 digit number given for a certain length of a state
expressway.



Beginning Milepoint: The beginning milepoint of a section.



Ending Milepoint: The ending milepoint of a section.



ADT: The average daily traffic in a section of the expressway.



Number of Lanes: The total number of through lanes in both directions.
The Toll plaza safety analysis focused specifically on state expressways. Only data from

2002 to 2010 has been used in the analysis, since the change of design was completed during this
10

time and their characteristics significantly changed over these eight years. Entrance and exit toll
ramps were left out.
3.1.2 Crash Data
Crash dataset was used in the Toll plaza safety study. The crash data were obtained from
the Florida Department of Transportation (FDOT) - Crash Analysis Resources (CAR) database
available online. The Toll plaza maps and Toll plaza characteristics were obtained online from
the OOCEA reports. The FDOT (RCI) database provides information as well as a description of
the state road system in the state of Florida. There are some road characteristics used in the
analysis. Also FDOT- CAR database has a great deal of information, including descriptions of all
the crash reports. These reports include much information like: crash date, crash location, crash
severity, crash type, average delay traffic ADT, driver age and the number of lanes.
Our crash data is between January 2002 and October 2010 for the area that began from
the first sign showing the E-PASS- LEFT- LANE until the end of the merging area after the Toll
plaza.
Crash data from an eight-year period was used in order to have a large data set. The
changing of design did not finish at the same time for all Toll plazas, one of them changed in
2003, others in 2005 and 2006 and the last two in 2009.
Many cases will be presented in this thesis for the before and after study: a time of three
years before and three years after for the plazas that changed in 2005 and 2006, and a time of
three years before and one year after for some other Toll plazas. The analysis was based on the
available data.
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The following characteristics give an idea of the most important variables that we study
in this research:
Crash severity: as in the FDOT crash report, crash severity levels as the following:
Table 3-1: FDOT Crash Severity Levels

Severity Level
1
2
3
4
5

Description
No injury
PDO (Property damage)
Possible Injury
non-incapacitating evident injury
incapacitating injury
Fatal injury (within 30 days)

Types of crashes: rear-end, head on, angle, sideswipe, hit concert barrel wall, hit
guardrail and overturned and turning movement.
Age: the age of the driver at fault.
There are many other crash variables in the crash report, such as the days of the week,
weather, time of the crash and so on, but they were not used in this analysis.
In general, eight years of crash data between 2002 and 2010, were used in part one before
and after the study, because during this period of time not all of the plazas were changed at the
same time, but after 2009 all of our locations were completely changed to ORT design. Second
part of the study (the modeling part), the data was prepared for the11 Toll plazas, and it was
between 2009 and 2010. Since the evaluation for part one focused on the Toll plaza area, the
study will focus on the crash data involved in these locations only, which give about 0.65 mile
before and 0.5 mile after the center line of the Toll plaza. For part two, the selection was for
diverge and merge areas only. The crash entrance in the database shares the same roadway ID
with the Toll plaza.
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3.1.3 Mainline Toll plaza Characteristics
The maps below are showing some characteristics of the Toll plazas and ORT system and
also show examples of toll locations. This section will show the following:


Florida State road network: this shows the entire state roads network.



Toll plaza location map: All the Toll plazas under the OOCEA.



Scheduled open road tolling: The expected time to change the design to ORT system.



SR 408 Dean Road Mainline Toll plaza before ORT System: Example of the old design.



Dean Road Mainline Toll plaza ORT Design: Showing the plan of (ORT).



Dean Rd Mainline Toll plaza after ORT design.



Diverge and Merge Areas: Our area of study.



Monthly Transactions Year 2007: Monthly transactions obtained from the OOCEA
monthly statistical reports.



Daily Traffic Distribution: Total daily traffic obtained for one week (Monday through
Sunday) from the OOCEA Toll plaza data statistics.



Percentage of traffic using the E-Pass system :-Unadjusted average weekday transactions
summarizing the percentages for E-PASS, Exact Change and Change Receipt paying
customers

Figure 3-1: Florida State Road Network. (The source is FDOT)

Figure 3-2: Toll Plaza Location Map (The source is OOCEA)

Figure 3-3: Scheduled Open Road Tolling (The source is OOCEA)

Figure 3-4: SR 408 Dean Road Mainline Toll Plaza before ORT System

Figure 3-4 shows the old design of the Toll Plaza and in this design driver should
completely stop or slow down to be able to pass the toll area. This design causes a lot of delay
and more percentage of rear end crashes.
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Figure 3-5: Dean Road Mainline Toll Plaza ORT Design (The source is OOCEA)
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Figure 3-6: Dean Rd Mainline Toll Plaza after ORT design (The source is OOCEA)

Figure 3-6 shows the new design of Toll plaza ORT. This design solves the delay
problem, but at the same time it may cause some safety considerations.
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Figure 3-7: Showing the expected crash location causing by diverge or merge

Figure 3-7 Shows diverge and merge area and the expected locations of crashes related to
lane change and lost control. From the crash data most of the crashes happened at these two areas
(diverge and merge).
.
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Figure 3-8: Location of crashes at Dean Road Mainline Toll Plaza - East Bound (2009-2010)

Figure 3-9 : Location of crashes at Dean Road Mainline Toll Plaza – West Bound (2009-2010)

Figures 3-8 and 3-9 show the real crash locations for Dean Road Mainline Toll plaza
2009-2010 data by using the crash mile post from the crash reports.

It is clear that the riskier locations are the diverging and merging areas. By inspecting
each crash report, the lost control and sideswipe are the most common type of crashes at these
sections. The police officer wrote notes explaining that the reasons of the most lost control
crashes were lane change. This may support the hypothesis that there is extensive lane changing
that occurs at these locations.
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Figure 3-10: Showing the Monthly Transactions Year 2007 (The source is OOCEA)

By looking at Figure 3-10, it is interesting to note that the monthly transactions were
almost at the same range for this year at this Toll plaza. These roads are an expressway, so they
do not interact much with the local traffic whether the schools are working or not. All the
OOCEA Toll plazas had the same situation (the source is 2007 OOCEA report).

Figure 3-11: Showing the Daily Traffic Distribution – October 2007(The source is OOCEA)

From Figure 3-11, it is clear that the traffic volumes at the eastbound and westbound
lanes are in the same range, and this is logical; because the traveler who travels in the morning
from a specific road probably will return from the same road in the evening.
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Figure 3-12: Showing percentage of traffic using the E-Pass system (The source is OOCEA)

Figure 3.12 illustrates the history of E-Pass statistics and the percentage of using
Automatic Vehicle Identification (AVI) technology was between 42 to 55 percent in 1998. The
user percentage has increased as people become more familiar with AVI system. The ORT
system helps people to be more comfortable because they don’t have to stop or slow down to pay
the toll.
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Figure 3-13: Examples of Guide Signs for a Mainline Toll Plaza on a Diverging Alignment on OpenRoad ETC Lanes (The source is 2009 MUTCD)

Figure 3-13 shows the Advance Signs for Toll Plazas on Diverging Alignments from
Open-Road Tolling Lanes; Open-Road Tolling lanes are sometimes located on the normal
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mainline alignment while the lanes for other toll payment methods are located at a Toll plaza on
a separate alignment (see Figure 3-13). Since road users paying cash tolls must diverge from the
mainline alignment, similar to a movement for an exit, it is important that the guide signs in
advance of and at the point of divergence clearly indicates the required lane use and/or
movements.
For Toll plazas located on a separate alignment that diverges from mainline-aligned
Open-Road ETC lanes where vehicles are required to have a registered ETC account to use the
Open-Road Tolling lanes, overhead advance signs should be provided at approximately 1 mile
and 1/2 mile in advance of the divergence point (The source is 2009 MUTCD).
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Figure 3-14: Sample of real Toll Plaza signage in OOCEA

Figure 3-15 Shows TP between entrance and exit ramps (Dean Road Mainline Toll Plaza)
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Figures 3-14 and 3-15 shows the distance between the entrance ramp and the Toll plaza is
very short and here it should force the driver who is coming from the entrance ramp to stay in the
same lane for a distance of half a mile from the center of the Toll plaza. That means he should
continue driving in the right lane and pass the Toll plaza from the mixed lane to avoid the risk of
changing the lane.
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CHAPTER 4. PRELIMINARY ANALYSIS
4.1 Simple before and after (ORT) Study
4.1.1 Selection of the Toll Locations for the First Part of this Thesis
The following statistical results provide a summary of the study that has been done on the
existing traffic crash data from FDOT that has been gathered on the OOCEA system for the
mainline Toll plazas. These locations are located on the SR 408 - East West Expressway:
Hiawassee, Holland east and the Dean Mainline Toll plazas. This includes SR 528 - Beachline
Expressway: Beachline Main Mainline Toll plaza. SR 417 - Central Florida Greeneway: John
Young, Boggy Creek, Curry Ford and the University Boulevard Mainline Toll plazas. However,
the SR429-Western Beltway was ignored from this part of the study because a part of this road
was built after 2005.
By studying the cross section from the straight line diagram of the expressway, and by
using Google Earth the results showed that the area affected by the Toll plaza for the period of
time before ORT is within 0.65 mile before and 0.5 after the centerline of the Toll plaza. Only,
crashes that occurred in these areas were used in the analyses. The crash report notes indicate
also that these crashes are related to the Toll plazas.
4.1.2 Examples for calculating the crash rates at the Toll plaza.
4.1.2.1 SR 408: Dean Rd Mainline Toll plaza
The construction was during the year of 2005.
(4.1)
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Where:
R= Crash Rate
X= Total number of crash per year
T= Period of time
ADT=Average daily traffic
D= length of section in mile
C= Constant =10,000
Example:
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Figure 4-1: Crash rate and ADT of SR 408: Dean Rd Mainline Toll Plaza

The data shown in Figure (4.1) is three years before and five years after changing the
design to ORT. The average rate was 3.037 in the three years before (2002, 2003, and 2004);
also it is clear that the maximum rate was in 2005 because ORT construction work was
conducted during that year. The average rate in the three years (2006, 2007 and 2008) after ORT
was 1.71. The conclusion is that the effect of ORT is positive on the crash frequency at this
plaza. The ORT system reduced the crash rate even though the ADT increased; on the other hand
the crash type and crash severity might have changed.
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Figure 4-2: Crash rate and ADT of SR408 – Holland East Mainline Toll Plaza

4.1.2.2: SR408 –Holland East Mainline Toll plaza
The ORT opened in 2009.
Figure 4-2 shows the crash rates of Holland East Mainline Toll plaza, crash rates were
always high; this may be because it has a high ADT, and the ORT construction took place from
2007 until the first half of 2009. That is why the rate went down in the rest of 2009 and 2010.
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Figure 4-3: Crash rate and ADT of R 417 –University Mainline Toll Plaza

4.1.2.3:- SR 417 –University Mainline Toll plaza
The ORT started in 2003.
Figure 4-3 shows crash rates of University Mainline Toll plaza. Although the ORT
system has been operational since 2003 in this plaza, the crash rate went down in 2004, then
increased to the maximum in 2005 for an unknown reason. This may be related to changing
design construction at SR408 Dean Road Toll plaza in 2005, so most students and local drivers
avoided going to the University of Central Florida (UCF) through SR408 and they used SR417
University Mainline Toll plaza. The sudden increase of ADT about 18.44% in one year (20042005) is supporting this argument. From 2006 to 2010, the crash rates increased even though the
ADT decreased for the last three years, possibly because of the slowing economy. This may be
related to the high percentage of young drivers because this plaza is close to the University of
Central Florida.
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4.1.3: Before- After Design Evaluation
The simple before/after design is the first design that will be discussed. The model for
this design is as shown below:
Measurement Before →Treatment →Measurement After.
The before/after design is discussed for two reasons; first, it has traditionally been the
most widely used design in the use of highway countermeasures. The second reason, it provides
a prime example of a design which does not control for the important threats to internal validity
and thus is very vulnerable to yielding the wrong answer.
With a before/after design in which only one location or group of locations is studied,
causes other than the treatment can occur at the same time the treatment is implemented. The
analysis in this study starts by using the simple statistical analysis before/after changing the
design, and the data is continuous.
4.1.3.1: Crash Rates Study Using Paired t-test
In this test we concentrated on the before mean for group of locations significantly
different from the after mean for the same locations. The study In this case focuses on the
crashes related to the hypothesis only, i.e. sideswipe, lost control, overturned and angle crash,
this help us to understand if there is a significant difference between before and after the ORT.
The significant difference means the ORT has increase these types of crashes.
The data used are continuous/rates data. The assumption is that the distributions are
approximately normal with means (μ_B, μ_A) and variances (σB², σA²) respectively. We studied
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three years before (2002, 2003 and 2004) and three years after (2007, 2008 and 2009) for the
following locations:
The SR408 Dean Road and Hiawassee Mainline Toll plazas and SR417 Curry Ford,
Boggy Creek and John Young Parkway Mainline Toll plaza. 2005 and 2006 were not included.
Table 4-1: Summary Statistics of t-test calculations

Locations
Mainline Toll plaza

1
2
3
4
5

Three years before
(ORT)
(2002,2003,2004)
Crash
Rate per
10,000
VMT

Three year After
(ORT)
(2007,2008,2009)
Crash Rate
per 10,000
VMT

}

1
SR408 Dean

3.06

1.23

1.72

0.52

0.64

2
SR408 Hiawassee

1.94

0.11

1.60

0.40

0.04

3
SR417 Curry Ford

1.82

-0.01

0.86

-0.34

0.00

4
SR417 Boggy Creek

0.79

-1.04

0.59

-0.61

0.63

1.55

-0.28

1.24

0.04

-0.01

SR417
5 John Young
Parkway
Total
Mean
Variance

9.16
1.83
0.67

6.02
1.20
0.23

(4-2)
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1.31

4.1.3.1.1: Results Discussion
By comparing the calculated t =2.846 with (α = .05 and d.f = (5-1) = 4), from the table tC
= 2.132 (One-sided test), there is a significant difference between before and after observations.
That means these locations were significantly changed, so the total crash number after ORT
period is less than before. In general the ORT made some improvements of the total crash
number in these Mainline Toll plazas (Dean, Hiawassee, Curry Ford, Boggy Creek, and John
Young). Also, by looking to the data the mean of the crash rates before is more than after. The
mean decreased from 1.83 before to 1.20 after. The following tests checks if ORT causes a
change of the crash type and the severity levels or not.
4.1.3.2: Crash Severity Study Using Z-test
This study is focusing on the expressways; first each chosen road as an individual, then
all together. In this part we will check many different cases.
4.1.3.2.1: Crash Severity Study-Case One
In this case, the time of study was three years before and three years after. The chosen
locations were SR408 Dean, Holland east and Hiawassee Mainline Toll plaza. Pine Hall Toll
plaza was excluded because it was built in 2006 and it has the ORT system since the beginning
of its implementation. Also, for the SR417 the University Mainline Toll plaza was excluded
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because the ORT system started in 2003. SR528 was ignored in this case because Beachline
Mainline Toll plaza changed in 2009 and the Airport Mainline Toll plaza still has the old design.
This part of study is to evaluate these severity levels (2- Possible Injury, 3-nonincapacitating evident injury, 4- incapacitating injury and 5- Fatal injury (within 30 days)).
Table 4-2: Total crash number three years before & after (case one)

Location

All crashes
At TP sections
Three years before ORT
(2002-2003-2004)

All crashes
At TP sections
Three years After ORT
(2007- 2008-2009)

88

62

87

44

175

106

Dean
Holland East

SR 408

Hiawassee
SR 417

Curry Ford
Boggy Creek
John Young Parkway
Total

Table 4-3: Crashes Related to Severity Levels (2, 3, 4, 5) (Case One)

Location (j)
SR 408
SR 417

Three years before ORT
(2002- 2003-2004)
Total Crashes related to Severity
Levels (2-3- 4- 5)
56
14

Three years After ORT
(2007- 2008- 2009)
Total Crashes related to
Severity Levels (2- 3-4-5)
37
27

70

64

Total
Table 4-4: Z-Test Results for Case One

State Road
SR 408
SR 417
For All Locations

Z-test Results
0.492
-5.277
-3.314
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4.1.3.2.2: Results Discussion
For α = 0.05, ZC = 1.645 from the Z table. In the individual road there is no significant
difference for SR408; because of the Z < Zc. For the SR417 there is a significant difference
between before and after since Z > ZC, and the negative (-) sign means that the before is better
for these levels of crash severity.
For the total there is a significant difference between before and after ORT, and it is clear
from the Table 4.3 that the severe crash proportion after is more than the before. So the OTR
resulted in more severe crashes. There is some improvement from the point of view of the total
crash number.
4.1.3.2.3: Crash Severity Study (Case two)
In this case, the time of study was three years before and one year after. This test will
check locations that have data for three years before and at least one year after. The locations
are: SR408 Dean, Holland east and Hiawassee Mainline Toll plaza; SR417 Lee Vista, Land Star
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and International Mainline Toll plaza; SR528 Beachline Mainline Toll plaza. In this case the
study will be road by road as well as total.
The same severity levels apply in this case (2- possible Injury, 3- non-incapacitating
evident injury, 4- incapacitating injury and 5- fatal injury (within 30 days)).
Table 4-5: Total Crash Number Three Years Before & One After (case two)

Location (j)

All crashes
At TP sections
before ORT )

All crashes
At TP sections
before ORT

All crashes
At TP sections
before ORT

(2002)

(2003)

(2004)

63
20
7
90

62
32
9
103

77
35
15
127

SR 408
SR 417
SR 528
Total Crashes
Three years before
And one year after

All crashes
At TP sections
after ORT
(11/200910/2010)
50
10
13
73

320

73

Table 4-6: Approach of the Crashes Related to Severity Levels (2, 3, 4, and 5) (Case Two)

Location (j)

(2002)

SR 408
SR 417
SR 528
Total Crashes 2,3,4,5
Three years before
And one year after

(2003)

32
1
4
37

(2004)

37
10
6
53
163

41
18
14
73

(11/2009-10/2010)
35
9
10
54
54

Table 4-7: Z-Test results for case two

State Road
SR 408
SR 417
SR 528
All Roads
Three years before
and one year after

Z-test 2002-2010
-2.064
-4.655
-0.921
-4.2

Z-test 2003-2010
-1.133
-3.258
-0.531
-3.014
-3.517
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Z-test 2004-2010
-1.881
-2.196
1.237
-2.332

4.1.3.2.4: Results Discussion
For α = 0.05, ZC = 1.645 from the Z table, and Z > Zc. These results in the table above
show that there is significant difference for all locations together as of three years before and one
after.
As individual, some of them are significant like SR408 and some of them are not like
SR528; and all the significant have negative signs meaning the before is better than after in terms
of severity.
4.1.3.2.5: Crash Severity Study (case three)
Everything is similar to the previous case except the severity levels; in this case we
checked only (3-non-incapacitating evident injury, 4- incapacitating injury and 5- Fatal injury
(within 30 days)). The locations and time of study are the same, three years before and one year
after ORT; the chosen locations are SR408 (Dean, Holland East, Hiawassee) Mainline Toll
plazas, SR417 (Lee Vista, Land Star, International) and SR 528, Beachline Mainline Toll plaza.
Table 4-8: Total Crash Number Three Years Before & One After case three

Location (j)
SR 408
SR 417
SR 528
Total Crashes
Total

All crashes
At TP sections
Before ORT
(2002)
63
20
7
90

All crashes
At TP sections
Before ORT
(2003)
62
32
9
103
320

41

All crashes
At TP sections
Before ORT
(2004)
77
35
15
127

All crashes
At TP sections
After ORT
(11/2009-10/2010)
50
10
13
73
73

Table 4-9: Approach of the Crashes Related to Severity Levels (3, 4, and 5) (case Three)

(2002)
Location (j)
SR 408
SR 417
SR 528
Total Crashes
Total

(2003)

(2004)

After (11/2009-11/2010)

18
1
3

13
7
4

20
6
7

14
5
3

22

24
79

33

22
22

Table 4-10: Z-Test Results for Case three

State Road

SR 408
SR 417
SR 528
All Roads

Z-test 2002&2010
0.066
-2.905
0.92

Z-test 2003&2010
-0.86
-1.718
1.057

Z-test 2004&2010
-0.252
-2.132
1.299

-0.814

-1.017

-0.633

Z-Test for the Total
One After

-0.961

4.1.3.2.6: Results Discussion
For α = 0.05, ZC = 1.645 from the Z table, the results of this case indicates that there is
no significant difference for all roads together, but there is a significant difference for SR417 as
of one year before and one after for three different years with the year of 2010 and all of them
have a negative sign meaning that the before is better than after ORT from the severity side.
4.1.3.2.7: Crash Type (harmful event) Study Using Z-test
In this case, the time of study was two years before (2003 and 2004) and two years after
(2007 and 2008). The chosen locations were SR408 Dean and Hiawassee Mainline Toll plaza.
Pine Hall Toll plaza was excluded because it was built in 2006 and it has had the ORT system
since the beginning of its implementation. The Holland East had not been changed before 2008.
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For the SR417 the University Mainline Toll plaza was excluded because the ORT system started
in 2003. SR528 was ignored in this case because Beachline Mainline Toll plaza changed in 2009
and the Airport Mainline Toll plaza still has the old design.
This part of study is to evaluate these crash types (3- Angle, 6-Sideswipe and 31Overturned), and that by taking proportion of them from the total number of crashes before and
after the ORT.
Table 4-11: Total Crash Number Two Years Before & Two After

Location (j)

All crashes
At Toll plaza
sections
Before ORT
(2003)

All crashes
At Toll plaza
sections
Before ORT
(2004)

All crashes
At Toll plaza
sections
After ORT
2007-2008

62

77

50

32

35

10

SR 408
SR 417
Total Crashes

206

72

Table 4-12: Approach of the Crashes Related to Types (3, 6 and 31)

Location (j)

SR 408
SR 417
Total Crashes
(3,6 and 31)

Crashes
At TP sections
Before ORT

Crashes
At TP sections
Before ORT

Crashes
At TP sections
After ORT

Crashes
At TP sections
After ORT

(2003)
5
0

(2004)
13
9

2007
7
1

2008
16
2

27

26

Table 4-13: Z-Test Results

Crash type 3, 6 and 31
State Road

Z-test
-4.86
-1.34
-4.277

SR 408
SR 417
All Roads
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4.1.3.2.8: Results Discussion
For α = 0.05, ZC = 1.645 from the Z table. In the individual road there is no significant
difference for SR417; because of the Z < Zc. For the SR408 there is a significant difference
between before and after since Z > ZC, and the negative (-) sign means that the before is less
than after for these types of crashes.
For the two roads together, there is a significant difference between before and after
ORT, and it is clear from the Table 4.13 that the crash types (3- Angle, 6-Sideswipe and 31Overturned) proportion after is more than the before. So after the OTR the crash type and
location have changed.
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4.2: Before- After Evaluation with a Comparison Group
In fact, the before/after design, although quite simple and almost always available, is a
poor design. To support the previous results, we will use a stronger design (before-after
evaluation with a comparison group), which can control rival explanations and with proper
planning, can be implemented in the real world of highway programs.
Also from the literature this design is much better than the simple before design. It
appears very appealing with good historical records; it would be possible to choose a comparison
group even after implementation. The strength of the design is directly proportional to how
similar the treatment and control groups are.
The two plazas were chosen very carefully; they were similar to each other. As shown by
comparing the measures for the two groups in the before period.
The four outcomes most likely to occur in the evaluations of highway countermeasures
are shown in Figure 4-4.
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Figure 4-4: Possible Evaluation Outcomes in Before/After with Comparison Group Design

The treatment location is SR417 Lee Vista Mainline Toll plaza, for which the design was
changed in 2005; the second location is SR528 Beachline Mainline Toll plaza, it had the old
design until 2009. Those two locations were similar to each other in terms of geometric
characteristics (number of lanes, distance of ramps, land level). Traffic volumes and the tourist
area because both of them are close to the Orlando International Airport, so the drivers at those
plazas are expected to have similar behavior.

46

Table 4-14 Calculation of the comparison group method

Total Crashes Before
2002
2003
2004

Total Crashes After
2006
2007

Situation

Toll plaza Name

Treatment

SR417 Lee Vista

31

16

Control

SR528 Beachline

31

25

48.39 %
19.35 %
25
The real Benefit

36 %

Table 4-14 shows the crash frequency for a period of time three years before and two
years after ORT.
Based on the data, we would conclude that the treatment had reduced crashes by 48.39
percent. In this case, the control group experienced a 19.35 percent decrease in crashes from
some combination of unknown causes. And by using this, we would predict a similar decrease in
the treatment group if no treatment were introduced. The predicted after frequency would be
31 - (0.1935) (31) = 25 crashes. The observed number of crashes was 16; thus, (without regard to
statistical significance at this point) we do see an apparent effect of the ORT system. But the
effect is approximately 36 percent (i.e., (25-16)/25) rather than the 48.39 percent; and by doing
the z-test between the crash number of the treatment site and the control site, the result shows a
significantly change between before and after, for α = 0.05, ZC = 1.645, so Z=3.65 > Zc =1.645
and after is better than before for the total crash number.
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Figure 4-5: Total crash number for before and after for the two locations

From Figure 4-5, the crash number decreased for both locations; the treatment site and
the control group; maybe because of the slowing economy, but there is a benefit from ORT
system, it was about 36 percent.
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4.3: Summary:
In summary, Toll plazas sections had high crash rates. The first section of this chapter
discusses a simple way of evaluating treatments, which is a simple before and after study. The
second section is by using stronger design which is before and after evaluation with a
Comparison Group.
Overall the preliminary analysis in this chapter shows that the ORT system reduced the
crash rates. Also it shows that there is safety problem; most of the results confirm that the
severity levels have changed to more severe, and this may be related to the speed at these
locations. The old design’s speed is low, so the severity is usually lower. In the new design the
speed in the E-Pass lane is similar to the regular section’s speed limit, so any crash that happens
because of lane change or lost control will have a high probability to be more severe.

49

CHAPTER 5. TOLL PLAZA SAFETY ANALYSIS: DATA PREPARATION AND
METHODOLOGY
The first objective of using the traffic safety evaluation at Toll plazas is to establish ORT
relationships between crash frequency and crash-related factors by developing a set of models.
The second objective is to observe whether ORT affects the crash related factors or not.
5.1 Data Preparation
Crash dataset was used for the ORT safety evaluation. It includes crash-related data
(response and predictor variables) of 11 Toll plazas in Central Florida. In total, one year of data
was used for the analysis. In this case, 2009-2010 data was available. All state roads' data related
to these locations was included in this analysis. The ORT safety study focused only on the
sections in the vicinity of Toll plazas.
5.1.1 Crash Data
Eight years of crash data 2002-2010 were downloaded from the FDOT CAR database.
Data from November-2009 to October-2010 was used for the modeling part, because after 2009
all 11 Toll plazas have been changed to the ORT design. An important information provided by
the crash data like: State Roads ID in which the crash occurred and its severity (levels 1 through
5), crash type, ADT, number of lanes, direction, age and residency of driver.
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5.1.2 Crash-Related Factors and Summary of Variables
Crash related factors are always expected to be highly correlated with crash occurrences.
The factors, as shown below, were collected from several sources. The main source of data was
FDOT’s RCI repository.


Crash report: It has most of the information needed for this study.



Severity (levels 1 through 5), was divided into two levels:
1) “No= 0” non severe crash (include level 1) - This type was used as a base case in
modeling.
2) “Yes=1” Severe crash ( include levels 2, 3, 4 and 5)



Crash type: The crash type was divided into three levels:
3) “1” =Rear End.
4) “2” =Sideswipe, Angle, Overturned and Lost Control crash.
5) “3” =All other types of crash- This type was used as a base case.



Driver Age: The age of the driver at fault for crash. The age distribution, was divided into
two groups:
1) “1” = Young, between 15 and 30.
2) “0” = other, older than 31: This was used as a base case.



ADT: The average daily traffic: in this study ADT was divided into two levels:
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1) “1” = Low ADT < 15467 veh/lane
2) “0” = High ADT ≥ 15467 veh/lane - this level was used as a base case.


Number of lanes: The total number of through lanes in the Toll plaza section.



Direction: The traffic direction through the Toll plaza.



Driver residency: The residency of the driver at fault for the crash.

It must be noted that only one year (2009-2010) of RCI data was used. The 2011 data was
still not available at the time of the analysis.
The second source for crash related data was the reports and website of OOCEA. The
following provides the maps that were used and the information that was extracted from them.


Toll plaza Location Map: The map showed the Toll plazas’ locations.



Scheduled Open Road Tolling: Showed the scheduled of Open Road Tolling source
OOCEA.



ORT Design: The design of Toll plazas after the implementation of ORT.



Toll plaza geometry: Showed the geometric design of the Toll plaza.



Monthly Transactions Figure: Showing the monthly transactions at Toll plazas.



Daily Traffic Distribution Figure: Showing the daily traffic distribution at Toll plazas.



Percentage using the E-Pass system: showing the percentage of traffic using the E-Pass
system (market penetration).
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The crash data was made available in Excel by exporting the text file (.txt) then transforming
it to Excel (.xls) format or to SAS software.
There was some other information extracted from the Google Earth software, like
the exact year of constructing ORT, the length of the area related to TP section, crash locations
and sign locations.
5.2 Methodology
The crash data of one year November-2009 and October-2010 was obtained from the
Florida Department of Transportation (FDOT).
5.2.1 Negative Binomial Regression Model
Count data is usually modeled using a Poisson distribution. Crash frequency is one
example of the typical count data. The main characteristic of the Poisson distribution is that its
mean is equal to its variance. Crash data has a gamma-distributed mean for a population of
systems, allowing the variance of the crash data to be more than its mean (Shen, 2007).Several
studies found that a negative binomial distribution fits crash frequency data better. NB is similar
to a Poisson distribution, though its variance is greater than its mean. The NB model can be used
to estimate crash at locations, such as Toll plaza sections.
Equation 5-1 presents the NB probability distribution function.
P(yi) ~ Negbin (λi, k):

(5-1)
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Where, y = number of crashes on a certain location at a certain period,
λ= Expected number of crashes on a certain location at a certain period
k= over-dispersion parameter.
The NB estimation equation is given as follows;
Log λi =log (EVi) + (β0+ βXi+εi).

(5-2)

Where λi is the estimated number of crashes at location i; β is a vector of explanatory
variables, and EVi is the exposure variable which is included in models as an offset term to
account for unequal exposure to crashes along Toll plazas. Count models such as NB need a
mechanism to deal with different exposure scenarios. For example ADT, or expected number of
crashes, can be included as an exposure offset term in NB models. By offsetting the exposure,
the response variable becomes the log crash frequency at a certain location. εi is the term
adjusting for over dispersion. It is an error term due to a combination of variables omitted from
the model and pure randomness. Maximum Likelihood Estimation (MLE) is used to estimate the
coefficients of the explanatory variables and the over dispersion parameter. The goodness of fit
of the NB model is measured by analyzing the over dispersion parameter.
5.2.2 Contingency Tables
Conventionally, contingency-table analyses have been used in analyzing categorical or
qualitative response variables for their statistical relationship. This type of analysis is usually
limited to two variables (two-way table) at a time. For tables with an order greater than two-way,
iterative numerical procedures are utilized that are time-consuming, using contingency table to
investigate the relationship between two variables in a three-variable relationship, we need to fix
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the third variable at one level and check the conditional probability for this level. Then, we have
to fix the third variable at a second level and check its probability again until analyzing every
level in the fixed variable.
5.2.3 Log Linear Models
Nevertheless, today’s computer and software capabilities are able to manipulate
sophisticated models, such as log-linear models, to analyze categorical data with more than two
variables (Lum, 1989). A log-linear model is a generalized linear model (GLM) for Poissondistributed data; it specifies how the size of a cell count depends on the levels of the categorical
variables for that cell. The nature of this specification relates to the association and interaction
structure among the variables. A log-linear model describes the association and interaction
patterns among a set of categorical variables (Agresti, 1990).
The SAS program procedure, CATMOD, can be used to fit a log-linear model (SAS
Institute). In practice, we try to fit a model to avoid using saturated models. A saturated model is
the model with as many (maximum possible number) parameters as it has Poisson observations,
which is why it has a perfect fit. Therefore, the results of a saturated model are complicated to
explain. An unsaturated model is better for analysis because its’ fit smoothes the sample data and
yields simpler interpretations. For three-way and higher-dimensional tables, unsaturated models
can include association terms. The unsaturated log-linear model is more commonly used to
describe associations (through two-factor terms) than to describe odds (through single-factor
terms). After fitting a log-linear model, we convert estimates of parameters to estimate the odds
ratio between variables (Agresti, 1990).
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The models used in this thesis are called hierarchical models; this means that each model
includes all lower-order terms composed from variables contained in a higher order term in the
model.
This is undesirable, but with hierarchical models, the same results are obtained
irrespective of how the variables are coded (Agresti, 1990).
The formulation of a log-linear model with three variables and two-way interactions is as
following:

Where:
(1) log mijk = log the expected frequency of cell in which :
x=i, y=j, z=k;

For instance, when the model contains the term
interaction of x being at level j, it also contains

, which is the effect due to the

, the effect due to the ith level of x, and

, the

effect due to the jth level of y. A reason for including lower-order terms is that the statistical
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significance and practicable interpretation of a higher order term depend on how the variables are
coded.
Since this model contains an X–Y two-factor term, it permits association between X and
Y, controlling for Z. It also permits an X–Z association, controlling for Y, and a Y–Z
association, controlling for X (Agresti, 1990).
By using eqn (5.1) for two cells, the log odds logit can be determined. Since we are
interested in knowing how the independent variables affect the response variables (especially the
harmful event), the logit models are constructed according to the response variables as
Following:

Thus, for instance, in eqn (5.2), we are modeling the log of the odds that y=j instead of
y=1, when x=I and z=k. The interpretation of the various odds obtained from these models may
be simplified by computing odds ratio using eqn (5.4).

π
π

π
π

π
π

π
π

An alternative name for ( ) is the cross-product ratio, since it equals the ratio of the
products

and

of probabilities from diagonally-opposite cells. The odds ratio

can equal any non negative number. When all cell probabilities arc positive, independence of X
and Y is equivalent to

. When

, subjects in row 1 are more likely to make the

first response than are subjects in row 2; that is.

For instance, when
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, the odds of

the first response are four times higher in row I than in row 2. (This does not mean that the
probability
When,

is four times higher than

; that is the interpretation of a relative risk of 4.0.)

the first response is less likely in row 1 than in row 2; that is,

one cell has zero probability,

equals 0 or

when

. The odds ratio does not change value when the

orientation of the table is reversed so that the rows become the columns and the columns become
the rows. Therefore, it is unnecessary to identify one classification as the response variable in
order to calculate . (Agresti, 1990).
The following models use the methodology explained above. Each model has different
response variables; however, the independent variables are harmful event and severity, which we
are interested in.
The variables used in the models are related to the location of the crash, the traffic
(ADT), and the characteristics of the driver and the crash. As indicated above, the objective is to
try to provide a better understanding of the relationship between the harmful event, severity and
crash-related variables.
In studying the relationship of the variables harmful event and severity to other variables,
we fit log-linear models with three variables as shown by Kim et al. (1995a, b) and Richardson
et al. (1996). In this way, we are able to explain the relationship between harmful event, severity
and one of the other variables, while adjusting for the value of the third variable. This, in general,
leads to a more accurate description of these relationships than that obtained by using twovariable models, while not complicating the interpretation process too much. In this thesis, we
don’t attempt to fit models with more than three variables, which may indicate that there are
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more complicated relationships amongst these variables. This type of investigation would
certainly be worthwhile, but it is beyond the scope of the present thesis.
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CHAPTER 6. TOLL PLAZA ANALYSIS RESULTS
The following models are intended to determine the relationship between crash frequency
and some other crash-related variables.
6.1 Negative Binomial Model
A series of NB models were fitted using SAS® to establish relationships between traffic
and roadway characteristics and crash frequency at the vicinity of ORT. Exploratory modeling
indicated that the crash frequency is not significantly associated with traffic direction, number of
entry and exit ramps, distance to entry and exit ramps, and percentage of non-Florida residents.
Number of lanes is potentially a good predictor; however, it was excluded from the final model
due to multicollinearity with other variables. In this type of technique we tried many different
models. Tables’ 6-1 and 6-2 shows the goodness of fit and results of the final model. This model
had 44 observations, 11 TP and each TP have two directions and each direction has two locations
one before and one after the Toll plaza (11*2*2=44). The crash data used was one year after the
ORT for the eleven Toll plazas.
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Table 6-1: SAS Output of Model information-one year data after ORT-NB

Model Information
Data Set

TOLL.ONE_YEAR

Distribution

Negative Binomial
Log

Link Function

Crash_Freq

Dependent Variable

Crash_Freq

Number of Observation Read

44

Number of Observation Used

44
Class Level Information

Class
Toll_Location

2

1 2

Direction

2

0 2
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Table 6-2: SAS output of the final NB model result
Analysis of Maximum Likelihood Parameter Estimates

Parameter

Wald 95% Confidence

DF

Estimate

Standard Error

Wald Chi-Square

Pr > ChiSq

Intercept

1

-19.755

3.133

-25.896

-13.615

39.75

<0.0001

Log_ADT

1

1.983

0.299

1.397

2.569

43.98

<0.0001

7.75

0.0054

Limits

Toll_Location

1

1

0.599

0.215

0.177

1.021

Toll_Location

2

0

0.000

0.000

0.000

0.000

1

0.102

0.081

0.022

0.486

Dispersion

Only log Average Daily Traffic (ADT) and Crash location came out to be significant with
the expected signs. The coefficient of ADT has a positive sign, which indicates that as ADT
increases the frequency of ORT-related crashes increases. This finding could be attributed to the
fact that the ADT is considered as the exposure factor; the more traffic at the ORT, the higher the
chances of crash occurrences. This is expected, since higher ADTs result in higher traffic flows
and exposures of vehicles to weaving maneuvers before and after the ORT which in turn would
result in higher crash frequencies. The location of the crash with respect to the ORT and Toll
plaza structure was found to be significant; the effect of diverge area before the Toll plaza was
compared to the merge area after the Toll plaza (base case). The parameter estimates given in
Table 6-2 can be used to estimate the Incident Rate Ratios (IRR) by exponentiation of the
regression coefficients exp[β]. IRR value shows that the risk of crashes at diverge area before the
Toll plaza was approximately 82% higher than at the merge area after the Toll plaza, given that
all other variables are constant. The increased crash risk at diverge area may be explained by the
fact that not all vehicles are equipped with toll transponders and many lane change maneuvers
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are mandatory before the Toll plaza, because the open toll lanes are located at the far left of the
road; the exact coin booths and cash/receipt booths are located on the right of the road.
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6.2 Contingency-Table
Table 6-3 SAS Output Contingency-Table Summary of ADT_Ln by Age_Group

The SAS System
The FREQ Procedure
Table 6-3 of ADT_LN by Age_Group
Controlling for first_harmful_G=1
Age_Group

ADT_LN

High

Low

Total
14

Frequency
Expected

3
4.0833

11
9.9167

Percent

12.50

45.83

Row Pct

21.43

78.57

Col Pct

42.86

64.71

Frequency

4

6

Expected

2.9167

7.0833

Percent

16.67

25.00

Row Pct

40.00

60.00

Col Pct

57.14

35.29

Total

7
29.17

7
70.83

24
100.00

Statistic
Chi-Square

DF
1

Value
0.9661

Prob
0.3237

58.33

10

41.67

Fisher's Exact Test

3
0.2209
0.3926

Cell (1,1) Frequency (F)
Table Probability (P)
Two-sided Pr <= P

24
3

Effective Sample Size
Frequency Missing

64

Table 6-3 presents the contingency table of the ADT per lane (ADT_Ln) by Age and
controlling for first harmful_1. It shows that the Chi-Square is not significant and the result also
shows 50% of the cells have expected counts less than 5. Chi-Square may not be a valid test. But
from Table 6-3 we can see that the high ADT_Ln with young driver have a higher percentage of
crashes 45.83% and then the low ADT_Ln with the young was 25 %. In general the crash
percentage of youth is high. They involved in 70.83 (45.83+25) percent of the rear end crashes,
because they do not have much experience. Therefore they are more likely to be involved in
crashes; also with low ADT_Ln young drivers will drive at high speed.

65

Table 6-4: SAS Output Contingency-Table Summary of ADT_Ln by Age_Group

The SAS System
The FREQ Procedure
Table 6.4 of ADT_LN by age_g
Controlling for Severity_G=Yes
Age_Group

ADT_LN

Total
35

Frequency
Expected

11
11.83

24
23.169

Percent

15.49

33.80

Row Pct

31.43

68.57

Col Pct

45.83

51.06

Frequency

13

23

Expected

12.169

23.831

Percent

18.31

32.39

Row Pct

36.11

63.89

Col Pct

54.17

48.94

Total

24
33.80

47
66.20

71
100

Statistic
Chi-Square

DF
1

Value
0.1739

Prob
0.6767

High

Low

49.30

36

50.70

Fisher's Exact Test

11
0.1819
0.8029

Cell (1,1) Frequency (F)
Table Probability (P)
Two-sided Pr <= P

71
7

Effective Sample Size
Frequency Missing

Table 6-4 shows the ADT_Ln by Age and controlling for severity. It shows the high
ADT_ln with young driver have a higher percentage of severe crashes 33.80%; and then the low
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ADT_Ln with the young drivers was 32.39%. Therefore youth were involved in 67
(32.39+33.80) percent of the severe crashes at the Toll plaza sections.
Table 6-5 SAS Output Contingency-Table Summary of ADT_Ln by Age_G

The SAS System
The FREQ Procedure
Table 6-5 of ADT_LN by Age_Group
Controlling for first_harmful_G=2
Age_Group

ADT_LN

Total
31

Frequency
Expected

15
12.594

16
18.406

Percent

23.44

25.00

Row Pct

48.39

51.61

Col Pct

57.69

42.11

Frequency

11

22

Expected

13.406

19.594

Percent

17.19

34.38

Row Pct

33.33

66.67

Col Pct

42.31

57.89

Total

26
40.63

38
59.89

64
100

Statistic
Chi-Square

DF
1

Value
1.5017

Prob
0.2204

High

Low

48.44

33

51.56

Fisher's Exact Test

15
0.0967
0.3090

Cell (1,1) Frequency (F)
Table Probability (P)
Two-sided Pr <= P

64
16

Effective Sample Size
Frequency Missing
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Table 6-5 presents the ADT_Ln by Age and controlling for first harmful_2. In this case
the younger age group also has the highest percentage of harmful_2 (sideswipe, lose control,
overturned and angle crash), it was 59.89 percent.
Table 6-6 SAS Output Contingency-Table Summary of harmful by ADT

The SAS System
The FREQ Procedure
Table 6-6 of first_harm_G by ADT_LN

Age_Group

First_Harm
_Group

Frequency
Expected

High
16
13.879

Low
11
13.121

Total
27

Percent

14.95

10.28

25.23

Row Pct

59.26

40.74

Col Pct

29.09

21.15

Frequency

39

41

Expected

41.121

38.879

Percent

36.45

38.32

Row Pct

48.75

51.25

Col Pct

70.91

78.85

Total

55
51.40

52
48.6

107
100

Statistic
Chi-Square

DF
1

Value
0.8925

Prob
0.3448

1-Rear End

2-(Sideswipe,
Angle, Overturned
and Lost Control
crash )

80

74.77

Fisher's Exact Test

16
0.1142
0.3803

Cell (1,1) Frequency (F)
Table Probability (P)
Two-sided Pr <= P

107
0

Effective Sample Size
Frequency Missing
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Table 6-6: shows the percentage of harmful_2 with ADT_Ln; it was 74.77 percent
comparing with the harmful_1. This mean the majority of crashes are sideswipe, lost control,
overturned and angle crash.
6.2: Log Linear Model
This model was estimated to investigate the association between harmful event, age and
Average Daily Traffic (ADT). From the experience (e.g. Chen, 1997), we decided that it is
sufficient for the purpose of this study to divide age into two categories with the shown cut-off
values.
Dividing harmful event and severity into more categories would not alter the results but
would complicate the interpretation of these results. The model was developed using the
methodology explained above with the following variables:
Severity (levels 1 through 5), was divided into two levels:
6.2.1 Model one (Severity*age*ADT)
(1): x = Severity
i= level:


“No= 0” non severe crash (include level 1



“Yes=1” Severe crash (include levels 2, 3, 4 and 5)
(2) y= age
j= level:



“1” = Young (15–30 years old)



“0” = Other (Older than 30 years old)
(3) Z=ADT
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k=level:


“1” = Low (<15,467 veh/lane)



“0” = High ( ≥15,468 veh/lane)
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Table 6-7 SAS Output the Data Summary Analysis of (Severity*age*ADT)

Data Summary
Response

Severity*age*ADT

Response Levels

8

freq

Populations

1

SEVERITY

Total Frequency

88

0

Observations

8

Weight Variable
Data Set
Frequency Missing

Maximum Likelihood Analysis

Maximum likelihood computations converged.
Maximum Likelihood Analysis of Variance
Source

DF

Chi-Square

Pr > ChiSq

Severity

1

0.41

0.5226

age

1

1.08

0.2995

Severity*age

1

0.15

0.6956

ADT

1

25.26

<.0001

Severity*ADT

1

0.40

0.5249

age*ADT

1

1.99

0.1579

Likelihood Ratio

1

2.94

0.0866
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Table 6-8: SAS output the parameter estimates and odds ratio computed from the estimates for the
(Severity*age*ADT)

Analysis of Maximum Likelihood Estimates
Parameter

Estimate

Standard Error

Chi-Square

Pr > ChiSq

Severity

1

-0.0881

0.1378

0.41

0.5226

age

Young

0.1424

0.1372

1.08

0.2995

Severity*age

1 Young

0.0438

0.1119

0.15

0.6956

ADT

Low

0.6956

0.1384

25.26

<.0001

Severity*ADT

1 Low

0.0880

0.1384

0.40

0.5249

age*ADT

Young Low

0.1937

0.1371

1.99

0.1579

Overall Table 6-7 presents that model one (Severity*age*ADT) gave a significant result,
it was as the following:
G2=2.94
P value =0.0866>2 0.05
df=2
But in Table 6-8 the (Pr>ChiSq) of ADT=0.0001<0.05, it was not significant. So we
ignored model one.
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6.2.2 Model two (harmful*age*ADT):
(1)” x = Harmful event
i= level:


“1” = Rear End



“2” = (Sideswipe, Angle, Overturned and Lost control crash).



“3” = All other type of crash.

(2) y= age
j= level:


“1” = Young (15–30 years old)



“0” = Other (Older than 30 years old)

(3) Z=ADT
k=level:


“1” = Low (<15,467 veh/lane)



“0” = High ( ≥15,468 veh/lane)

73

Model two (harmful*age*ADT) case one
In this case the model includes the three main effects only.
Table 6-9 SAS Output the Data Summary Analysis of (harmful*age*ADT) Three Main Effects Only

Data Summary
Response

harmful*age*ADT

Response Levels

12

Weight Variable

freq

Populations

1

Data Set

HARMFUL

Total Frequency

71

Frequency Missing

0

Observations

12

Maximum Likelihood Analysis

Maximum likelihood computations converged.
Maximum Likelihood Analysis of Variance
Source

DF

Chi-Square

Pr > ChiSq

harmful

2

6.62

0.0366

age

1

3.12

0.0773

ADT

1

0.69

0.4069

Likelihood Ratio

7

9.25

0.2355
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Table 6-10 SAS output the parameter estimates and odds ratio computed from the estimates for Three Main
Effects Only

Analysis of Maximum Likelihood Estimates
Estimate

Parameter

(Odds ratio)
1

0.3832
(1.467)

Standard Error

Chi-Square

Pr > ChiSq

0.1603

5.71

0.0169

0.1735

0.02

0.8984

0.1214

3.12

0.0773

0.1193

0.69

0.4069

harmful
2

age

Young

ADT

Low

0.0221
(1.023)
-0.2145
(0.807)
0.0989
(1.104)

Table 6-9 presents that model two case one (harmful *age*ADT) gave a significant
result, it was as the following:
G2=9.25
P value =0.2355>2 0.05
DF=7
Table 6-10 the odds ratio for the main effects and all possible two-way interaction as
follows:


The odds ratio of harmful level (1= Rear end) is more than level three (3=base case)
about 46.7% while fixing all other variables. Also, the odds ratio of the level two
(Sideswipe, Angle, Overturned and Lost control crash) is 2.3% more than the base case
level three (All other type of crash except the Rear End).
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The estimate of age is negative, so it gives odds of less than one, which mean the age as
main effect does not affect the crash frequency.



Low ADT level has odds 10.4% higher than the high ADT.
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Model two (harmful*age*ADT) case two
In this case the model includes the three main effects and all three possible two-way
interactions.
Table 6-11 SAS Output the Data Summary Analysis of (harmful*age*ADT)

Data Summary
Response

harmful*age*ADT

Response Levels

12

Weight Variable

freq

Populations

1

Data Set

HARMFUL

Total Frequency

71

Frequency Missing

0

Observations

12

Maximum Likelihood Analysis

Maximum likelihood computations converged.
Maximum Likelihood Analysis of Variance
Source

DF

Chi-Square

Pr > ChiSq

harmful

2

7.32

0.0257

age

1

2.52

0.1124

harmful*age

2

5.69

0.0581

ADT

1

1.01

0.3153

harmful*ADT

2

0.36

0.8368

age*ADT

1

1.92

0.1664

Likelihood Ratio

2

1.27

0.5311
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Table 6-12 SAS output the parameter estimates and odds ratio computed from the estimates

Analysis of Maximum Likelihood Estimates
Parameter
harmful

1
2

age

Young

harmful*age

1 Young
2 Young

ADT

Low

harmful*ADT

1 Low
2 Low

age*ADT

Young Low

Estimate&
(Odds ratio)
0.4508
( 1.57 )
0.1110
(1.117)
-0.2200
( 0.80 )
0.0455
( 1.047 )
-0.4625
( 0.63 )
0.1307
( 1.14 )
-0.00851
( 0.992 )
0.1074
( 1.113 )
0.1815
( 1.12 )

Standar
Chi-Square Pr > ChiSq
d Error
0.1705

6.99

0.0082

0.2019

0.30

0.5823

0.1386

2.52

0.1124

0.1716

0.07

0.7910

0.2025

5.22

0.0224

0.1302

1.01

0.3153

0.1634

0.00

0.9585

0.1848

0.34

0.5612

0.1312

1.92

0.1664

This is a three-variable model with variables x= (harmful), y= (age), and Z= (ADT).
Normally, the G2 goodness-of-fit statistic and p-value are used to determine the rejection or
acceptance of the model. The larger the value of G2, the more evidence there is against the null
hypothesis (Ho), where Ho=model fits the relationship and Ha=model does not fit the relationship.
Hence, the smaller G2 is better, but it depends on the degrees of freedom. The larger p-value
(>0.05) indicates that the estimated model fits the relationship.
The model containing all three main effects and all three possible two-way interactions as
in eqn (5.1) was fitted and Table 6-11 shows the fit of the final model as the following:
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G2=1.27
P-value=0.5311
DF=2
Since this model fits, we will be able to describe the associations between the variables
by computing the odds ratio by the exponentiation of the Estimate exp [E], as given in Table (610). With the logit model, the parameters provide a measure of the magnitude and direction of
effects of the independent variables on the response variable (Kim et al., 1995a, b). From the loglinear model eqn. (5.1), using young age (

) category, (older than 30 years

old) as the base case, and the same for the other variables. The logit model for age is as in eqn.
(5.2). The parameter estimates for individual and interaction terms and odds ratio are presented.
By taking the exp (Estimates) the odds ratio of harmful, age, ADT and the interaction between
them can be determined.
Table 6-12 shows the parameter estimates and odds ratio computed from the estimates of
the log-linear model. The odds in the harmful ×ADT portion of the table can be inspected to
determine the effect of ADT and age on the odds of harmful as opposed rear end or the odds of
sideswipe as opposed to all other type of crash.
In general, the before and after study confirmed that the ORT reduced the crash number,
the log-linear model shows in Table 6-12 the odds ratio for the main effects and all possible twoway interaction as follows:


The odds ratio of harmful level (1= Rear end) is more than level three (3=base case)
about 57% while fixing all other variables. Also, the odds ratio of the level two
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(Sideswipe, Angle, Overturned and Lost control crash) is 11.7% more than the base case
level three (All other type of crash except the Rear End).


The estimate of age is negative, so it gives odds of less than one, which mean the age as
main effect does not affect the crash frequency; this is same for the interaction (harmful
(2)* young age), and for the (harmful (1) * Low ADT).



The odds of harmful 1(Rear End) * young age (15-30) is 4.7% higher than the base cases.



The odds ratio of the interaction (age* Low ADT) is 12% more than the base case (older
than 30* high ADT≥15,468), and this is logical because ADT is low. As found by Kim et
al. (1995b) and Chen (1997), very young and young drivers probably have less driving
experience, and they tend to speed and commit driving violations. Thus, this might
explain their involvement in crashes.



Low ADT level has odds 14% higher than the high ADT. This because at low ADT the
speed is usually high; diverge and merge areas drivers are more likely to make sideswipe
or lost control crash.
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CHAPTER 7. CONCLUSIONS
This thesis consisted of an ORT safety evaluation of the Central Florida Expressway
system. The ORT safety study focused on identifying Toll plaza locations where high rates of
severe crashes were observed. This was accomplished in order to identify Toll plaza sections
where improvements are required in order to enhance the safety performance and reduce road
fatalities.
The analysis in this thesis established a relationship that linked crash-related factors and
ORT system with traffic safety at Toll plazas. The study was conducted by using two
approaches: 1) simple before and after study and with a comparison group; 2) modeling effort to
help understand the relationship between the crash frequency and several important factors and
circumstances such as injury severity, collision types, average daily traffic (ADT) and Toll plaza
characteristics. The following summarizes the findings of this thesis:
7.1: Preliminary analysis part
7.1.1: Simple before/after study: it was found that Toll plaza sections had high crash
rates. After ORT implementation, the total number of crashes was reduced. But on the other hand
the severity, crash type and location have changed; the majority of crashes occurred at the
diverging and merging areas and resulted in more severe crashes.
7.1.2: Before and after study and with a comparison group: this case study shows that the
crash number decreased for both locations treatment/control sites. That may be because of the
drop in ADT and slowing economy, or the number of tourists visiting Orlando, since both
treatment/control locations were close to Orlando International Airport. In general, there is a
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benefit from the ORT system in decreasing crashes, and the result shows about 36 percent
deference between treatment/control sites. The before and after study with a comparison group
result approved that the crash number at Toll plaza has ORT system is 36 percent less than the
one that does not have it at the same period of time.
7.2: Modeling
7.2.1: Negative Binomial model: Only Average Daily Traffic (ADT) and Crash location
came out to be significant with the expected signs. The coefficient of ADT has a positive sign,
which indicates that as ADT increases, the frequency of ORT-related crashes increases. This
finding could be attributed to the fact that the ADT is considered as the exposure factor; the more
traffic at the ORT, the higher the chances of crash occurrences.
The location of the crash with respect to the ORT and Toll plaza structure was found to
be significant; the effect of diverge area before the Toll plaza was compared to the merge area
after the Toll plaza (base case). The Incident Rate Ratios (IRR) value shows that the risk of
crashes at diverge area before the Toll plaza was approximately 82% higher than at the merge
area after the Toll plaza, given that all other variables are constant. The increased crash risk at
diverge area may be explained by the fact that not all vehicles are equipped with toll
transponders and many lane change maneuvers might be mandatory before the Toll plaza. Also
the Toll plaza’ signage location is one of the most important factors that may cause crashes; the
wrong signage location may causes in suddenly lanes change, and at that moment the driver may
lost the control on his vehicle (see Figures 3-12, 3-13).
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7.2.2: Contingency Table: The contingency tables show that the young drivers have high
percentage of involvement in crashes at all levels of ADT, harmful event and severity.
7.2.3: Log Linear Model: model 2 (harmful*age*ADT) was fitted and illustrated that
there is a significant relationship between the crash frequency and several factors related to
traffic crash involvement, the model provided insight into the effect of ORT on several crash
situations and/or circumstances. The three main effects harmful event, age, ADT and all three
possible two-way interactions as in eqn (5.1) was fitted: G2=1.27, P-value=0.5311, dF=2. This
mean all of these three variables are significantly affect the frequency of ORT-related crashes.
Overall this thesis concludes the following:


The Literature approved that the ORT improved the traffic operation, capacity and the
environment by reducing emissions from traffic congestion.



It is worth mentioning that the expressway network understudy was continuously
experiencing constructions throughout the study period. There is indication that ORT
reduced the total crash number; also there is indication of changing the crash types and
locations; and the majority of crashes occurred at the diverging and merging areas and
resulted in more severe crashes. More data may be needed to confirm these results
especially after all constructions and upgrades are made.

7.3: Recommendations for Future Research
The main objectives of the thesis were to evaluate the effect of the Open Road Tolling on
traffic safety, and this was achieved by using two types of analysis.
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In the future, the methodology used in part one (before and after) of the analysis could be
expanded to include all the Toll plazas that have ORT system in Florida.
The same recommendation applies for part two (Modeling part) of the analysis. Another
direction for future research would aim at studying the real time data at these locations, and also
by simulating these sections to know if the TP signage locations are in the right locations.
The following are some suggestions for improving the safety of ORT in the vicinity of plazas:


Good Toll plaza locations can improve safety at these locations.



Finding ways to increase the percentage of AVI users can reduce the lane change at Toll
plazas. For example, making drivers save some money by using the AVI system is a good
way to increase the percentage of AVI users, and also by clarifying the environmental
and economic benefit of using AVI system to the people.



Prevent the driver lane changing before the center of the Toll plaza by half a mile can
reduce traffic crashes.

 Forcing the driver, who is coming from the entrance ramp to stay in the same lane for a
distance of half a mile from the center of the Toll plaza, can reduce traffic crashes.

 Adequate warnings of no sudden lane changing should be given on the approach to the
diverge area.
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